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We have investigated the potential of neurotropic microbes to invade the central nervous system (CNS) via the peripheral nervous
system. Herpes simplex virus type 1 (HSV-1) strain KH6 and herpes simplex virus type 2 (HSV-2) strain 186 were found to infect
chemosensory neurons in the vomeronasal organ (the pheromone detector) following intranasal inoculation of mice. HSV-1 strain KH6
infection was further transmitted to the accessory olfactory bulb (first relay), the medial amygdala (second relay), and the bed nucleus of the
stria terminalis and the ventromedial hypothalamus (third relay). HSV-1 strain KH6 also targeted the olfactory and trigeminal systems. HSV-
2 strain 186 predominantly attacked the brainstem including the trigeminal system. While both viruses did not induce apoptosis in infected
chemosensory neurons, they did in infected brain tissue. These results suggest that neurotropic viruses can invade the brain by infecting
vomeronasal chemosensory neurons and that the restrained induction of apoptosis in the infected neurons may facilitate viral transmission to
the CNS.
D 2005 Elsevier Inc. All rights reserved.
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To gain access to the CNS, neurotropic viruses exploit a
set of peripheral neural pathways as well as the hema-
togenous route (Mori et al., in press). Herpes simplex virus
(HSV) travels along the olfactory and trigeminal conduits
following oronasal infection (Kennedy and Chaudhuri,
2002). Rabies virus is taken up into unmyelinated nerve
endings at the neuromuscular junction and at the muscle
spindle and travels retrogradely in axons to the anterior
horn and dorsal root ganglia cells, respectively (Hema-
chudha et al., 2002). In experimental settings, a variety of0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: isamor@aichi-med-u.ac.jp (I. Mori).viruses including human and animal a-herpesviruses, rabies
virus, Borna disease virus, influenza viruses and para-
influenza viruses will invade the CNS following intranasal
infection principally via the olfactory route, underscoring
the medical and veterinary importance of this conduit in
viral transmission (Mori et al., in press). Apart from viruses,
Listeria monocytogenes likely reaches the brain via cranial
nerves in humans, sheep and experimentally infected mice
(Charlton and Garcia, 1977; Jin et al., 2001; Uldry et al.,
1993). Furthermore, pathogenic prions may access the CNS
through the olfactory route (Shaw, 1995; Zanusso et al.,
2003).
The vomeronasal organ (VNO), a second peripheral
chemosensory module in the nasal cavity, has increasingly
attracted attention as a primary sensor for detecting
pheromones (Boschat et al., 2002; Dbving and Trotier,
1998; Dulac and Torello, 2003; Meredith, 2001; Mom-
baerts, 2004; Rodriguez, 2003; Trinh and Storm, 2003). The005) 51–58
I. Mori et al. / Virology 334 (2005) 51–5852bilateral and cigar-shaped VNO is located at the base of the
nasal septum, anterior and ventral to the main olfactory
neuroepithelium. The organ is encapsulated in a bony and/or
cartilaginous capsule known as the vomer. The vomeronasal
chemosensory neurons reside on the medial concave surface
of the vomeronasal cavity. In rodents, Pheromonal stimuli
reach the dendritic tip of chemosensory neurons after
moving from the nasal cavity through the single rostral
opening of the VNO.
Here, we report, for the first time, that a neurotropic
microbe can infect murine chemosensory neurons in the
VNO following snout infection and subsequently can be
transmitted to the CNS along the neuroanatomically linked
pathway with selectivity. Both HSV-1 strain KH6 and HSV-
2 strain 186 infected olfactory, vomeronasal and trigeminal
neurons but targeted differently in the CNS. Furthermore,
we show that virus infection does not induce neuronal
apoptosis in the VNO, facilitating efficient viral trans-
mission to the CNS.Results
Clinical observation
BALB/c mice were intranasally inoculated with HSV-1
strain KH6. On day 4 after infection, mice became
emaciated and started to lose body weight (Fig. 1). They
began to scratch the right sides of their faces, which can be
attributed to irritation caused by stimulation of the
trigeminal system. All mice died by day 7. The mean
duration of survival post-infection was 5.6 F 0.5 days
(n = 5). Postmortem examination revealed mild inflamma-
tion of the lungs. The direct cause of death appeared to be
brain edema (Fig. 2), as all of the brains of mice found deadFig. 1. Clinical course of BALB/c mice following infection with HSV-1 strain KH
change (lower panels) over time following infection with HSV-1 strain KH6 (n =on day 6 (n = 5) exhibited edema, while those of emaciated
mice on day 6 (n = 5) did not (P b 0.01 by Fisher’s exact
test). Following intranasal infection with HSV-2 strain 186,
mice began to be emaciated on day 4 and died within 6 days
(Fig. 1). The mean duration of survival following infection
was 4.2 F 0.4 days (n = 5). Postmortem examination
showed mild pneumonia and brain edema as was observed
in HSV-1 KH6 infected mice.
HSV infects the VNO
On day 4 after infection with HSV-1 strain KH6, a small
number of infected neurons appeared in the VNO and
olfactory sensory neuroepithelia. By day 5, clusters of
infected neurons had emerged in the sensory layer of both
neuroepithelia (Figs. 3A, B). The morphology of infected
sensory neurons seemed to be well preserved when
compared to uninfected cells (Fig. 3C). Vomeronasal nerve
and cavernous tissue, which surrounds the blood vessel,
were also attacked by the virus (Fig. 3B). HSV-2 strain 186
also infected the neuroepithelium with similar kinetics as
that of HSV-1 strain KH6 (Fig. 3D). The extent of infection
in the VNO, however, was less when compared with HSV-1
KH6 infected mice.
HSV is transmitted to the CNS along the vomeronasal
conduit
On day 5, HSV-1 strain KH6 infection extended
ipsilaterally, along the anatomically linked pathway (Dudley
et al., 2001), to the accessory olfactory bulb, the first relay
of the vomeronasal system (Fig. 4A). Furthermore, the virus
was transmitted to the medial amygdala (the second relay),
and the bed nucleus of the stria terminalis and the
ventromedial hypothalamus (the third relay) (Figs. 4B–D;6 and HSV-2 strain 186. The survival rate (upper panel) and body weight
5) and HSV-2 strain 186 (n = 5) are plotted.
Fig. 2. HSV-1 strain KH6 causes lethal brain edema. (A) The brain collected from an emaciated mouse on day 6 after infection shows the lateral ventricles with
preserved inner space. (B) The brain of a dead mouse on day 6 after infection exhibits compression of the lateral ventricles by edematous brain parenchyma.
CC, corpus callosum; LV, lateral ventricle. Scale bar = 100 Am.
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show such efficient transmission along the vomeronasal
system; only a small number of infected neurons were
detected in the accessory olfactory bulb and medial
amygdala (Fig. 5, right column).
Targeting patterns differed between HSV-1 strain KH6
and HSV-2 strain 186 (Fig. 5). In addition to theFig. 3. HSV-1 strain KH6 and HSV-2 strain 186 infect vomeronasal chemosensory
square) 5 days after infection. HSV-1 antigen is visualized as brown. The arrows
surface of the neuroepithelium; b, basal surface of the neuroepithelium. Scale bar =
square in panel (A). Clusters of infected neurons are detectable in the vomerona
cavernous tissue surrounding the blood vessel have also been infected. vnn, vome
view of the neuroepithelium. Vomeronasal neurons have been infected (white arrow
neuroepithelium of a HSV-2 strain 186 infected mouse (red arrow) shows the lesser
5 days after infection.vomeronasal conduit, HSV-1 strain KH6 also invaded the
olfactory system (anterior olfactory nucleus and piriform
cortex) and the trigeminal system (principal sensory
trigeminal nucleus). Moreover, HSV-1 strain KH6 retro-
gradely targeted the dorsal raphe (serotonergic), locus
coeruleus (noradrenergic) and ventral tegmental area
(dopaminergic) from which neurons project to the olfactoryneurons. (A) Murine nose tissue illustrating the orientation of the VNO (red
point to the vomer. ns, nasal septum; l, lumen; bv, blood vessel; a, apical
100 Am. (B) A higher-magnification view of the VNO outlined by the red
sal sensory neuroepithelium (red arrows). The vomeronasal nerve and the
ronasal nerve. Scale bar = 50 Am, common to (D). (C) High magnification
s). Scale bar = 10 Am. (D) A typical staining pattern from the vomeronasal
extent of HSV-2 strain 186 infection compared to that of HSV-1 strain KH6
Fig. 4. HSV-1 strain KH6 infects brain structures anatomically linked to the VNO. (A) HSV-1 strain KH6 heavily attacks the accessory olfactory bulb. MiA,
mitral layer of the accessory olfactory bulb; GrA, granular layer of the accessory olfactory bulb. Scale bar = 20 Am. (B) HSV-1 strain KH6 infection is
transmitted to the dorsal portion of the medial amygdala. Me, medial amygdala; opt, optic tract. Scale bar = 50 Am, common to (C) and (D). (C) and (D) HSV-1
strain KH6 infection extends to the third order relay of the bed nucleus of the stria terminalis and the ventromedial hypothalamus. BST, bed nucleus of the stria
terminalis; aca, anterior commissure, anterior part; VMH, ventromedial hypothalamus; 3V, third ventricle.
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diagonal band was not found to be retrogradely attacked
by the virus. In contrast, HSV-2 strain 186 targeted
predominantly only the principal sensory trigeminal
nucleus and locus coeruleus in the brainstem (Fig. 5, right
column).
HSV does not induce neuronal apoptosis in the VNO
It has been reported that HSV does not induce neuronal
apoptosis in peripheral sensory conduits including olfactory
receptor neurons as well as trigeminal and dorsal root
ganglion neurons (Mori et al., 2004b). Similarly, infection
with HSV-1 strain KH6 and HSV-2 strain 186 did not
trigger apoptosis in the sensory neurons of the VNO (Figs.
6A–C). In accordance with previous studies, however, HSV-
1 strain KH6 and HSV-2 strain 186 induced neuronal
apoptosis in the CNS (Figs. 6D–I).Discussion
The present study unequivocally shows that HSV-1
strain KH6 and HSV-2 strain 186 have a propensity toinfect the vomeronasal chemosensory system, along with
the olfactory and trigeminal conduits, following the
dnatural routeT of infection. Intriguingly, HSV-1 strain
KH6 efficiently invades the CNS along the vomeronasal
pathway, while HSV-2 strain 186 invades the brain less
efficiently via this route but instead precipitates brainstem
encephalitis. This is consistent with previous studies
showing that HSV-2 predominantly infects the brainstem
following intranasal infection in mice (Boivin et al., 2002)
and that HSV-2 causes brainstem encephalitis in humans
(Chu et al., 2002; Nakajima et al., 1995; Tang et al.,
2003). The different neurotropism between HSV-1 strain
KH6 and HSV-2 strain 186 might be explained by
differences in entry receptor preference of glycoprotein D
(Manoj et al., 2004). For instance, nectin-2 is a better
receptor for HSV-2 than HSV-1. On the other hand, 3-O-S
heparan sulfate may be a better receptor for HSV-1 than
HSV-2. In addition, HSV-1 and HSV-2 interact with
dendritic cells in a distinct manner, which may determine
such neurotropism (Jones et al., 2003).
We have previously proposed that neurotropic viruses
may suppress induction of neuronal apoptosis in the
peripheral nervous system to facilitate viral transmission
to the CNS (Mori et al., 2004b). While neurotropic
Fig. 5. HSV-1 strain KH6 and HSV-2 strain 186 target different areas of the
mouse brain. Schematic representations of mouse brain 6 days after
infection with HSV-1 strain KH6 (left column) and 5 days after infection
with HSV-2 strain 186 (right column) are pictured. AON, anterior olfactory
nucleus; Pir, piriform cortex; BST, bed nucleus of stria terminalis; Me,
medial amygdala; VMH, ventromedial hypothalamus; VTA, ventral
tegmental area; DR, dorsal raphe; LC, locus coeruleus; Pr5, principal
sensory trigeminal nucleus.
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neurons upon infection, thereby inhibiting viral trans-
mission into the CNS, HSV suppresses the induction of
neuronal apoptosis in the olfactory neuroepithelium and
trigeminal and dorsal root ganglia, enabling viral neuro-
invasion into the brain. Notwithstanding the limitations of
TUNEL assay, the present study shows that HSV-1 strain
KH6 and HSV-2 strain 186 likely suppress the induction of
neuronal apoptosis in the VNO following infection,
providing further support for our hypothesis. Further
experiments would strengthen this idea. For example, mice
can be subjected to snout infection with the HSV-2 US3-
disrupted mutant, L1BR1 (Mori et al., 2003b). In the
absence of the anti-apoptotic action of US3 protein kinase,
L1BR1 would be expected to induce apoptosis by
activating the c-Jun N-terminal protein kinase signaltransduction pathway in peripheral neurons upon intranasal
infection.
Selective damage in the central vomeronasal system
caused by viral infection may provide an avenue for further
functional studies. Female pheromones induce rapid
activation of mitogen-activated protein kinase in neurons
of the vomeronasal system including the medial amygdala
and the hypothalamus in male mice (Dudley et al., 2001).
In the medial amygdala, same-species and different-species
pheromones result in different patterns of neuronal
activation as visualized by immediate-early gene expres-
sion (Meredith and Westberry, 2004). Mammalian pher-
omones elicit long-lasting effects that alter the endocrine
state of recipient animals (Dulac and Torello, 2003).
Detection of male pheromones by female mice results in
acceleration of puberty and induction of oestrus, which is
associated with an increase in luteinizing hormone and a
reduction in prolactin. Detection of female pheromones
gives rise to adverse actions, which is attributable to an
increase in prolactin. Mammalian pheromones also evoke
rapid behavioral responses, encompassing the regulation of
inter-male aggression, aggressive reactions in lactating
females, initiation of ultrasonic vocalizations and copula-
tory behavior, reinstatement of lordosis in females and
parent–infant interactions. Luteinizing hormone plays a
pivotal role in regulating pheromone-mediated sexual
behavior. Thus, the vomeronasal system provides a neural
pathway that links the periphery to the hypothalamus. It
would be interesting to carry out a wide variety of
neuroendocrine and behavioral examinations in our exper-
imental virus–animal systems in order to elucidate func-
tions of the vomeronasal system (Leypold et al., 2002;
Norlin et al., 2003). Conveniently, we are able to
compromise the vomeronasal route in the CNS unilaterally
as well as bilaterally.
Despite the longstanding dispute over whether there is a
VNO in adult humans, recent endoscopic and microscopic
investigations have pointed out the presence of the organ
in most adults (Trotier et al., 2000). A local negative
electrical potential, called the electrovomeronasogram, has
been recorded in awake human subjects (Meredith, 2001).
Pheromonal stimuli tested for induction of this electrical
response include androstadienones and estratetraenyl com-
pounds (steroids similar to chemicals extracted from
human skin). Chemical communications among humans
have been recorded; that is, a trend toward synchronization
of menstrual cycles among women who live together and
the maintenance of a more positive mood in women in the
presence of androstadienone (Meredith, 2001). Although
humans depend more upon other communication media,
pheromonal signaling can be a unique contributor to
human communication. Disturbance of the vomeronasal
system may result in neurobehavioral alteration and
abnormal sexual development (Hines, 1998). Additionally,
viral infection as described here may have some veterinary
importance since disturbances of the vomeronasal system
Fig. 6. HSV induces neuronal apoptosis in the brain but not in the VNO. (A) HSV-1 antigen in the VNO. (B) TUNEL-specific signal in the VNO. (C)
Overlapped confocal image of panel (A) and (B). Note that the infected vomeronasal chemosensory neurons remain TUNEL-negative. VNO, vomeronasal
organ; l, lumen. (D) HSV-1 antigen detected in the accessory olfactory bulb. (E) TUNEL-specific signal in the accessory olfactory bulb. (F) Overlapped
confocal image of (D) and (E). Note positive-TUNEL reaction in some infected cells. AOB, accessory olfactory bulb; MiA, mitral layer of the accessory
olfactory bulb; GrA, granular layer of the accessory olfactory bulb. (G) HSV-1 antigen in the medial amygdala. (H) TUNEL-specific signal in the medial
amygdala. (I) Overlapped confocal image of (G) and (H). Me, medial amygdala. Scale bar = 20 Am.
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opment in animals (McDonnell, 1992). Animal experi-
ments using animal a-herpesviruses are now in progress.Materials and methods
Experimental infection and tissue preparation
Four-week-old specific pathogen-free female BALB/
cAJcl mice (Clea) were anesthetized by intraperitoneal
administration of 7.2% chloral hydrate in sterile phosphate-
buffered saline (PBS) (0.005 ml/g body weight). Plaque-
cloned HSV-1 strain KH6 (4.0  104 p.f.u. in 5 Al PBS) or
HSV-2 strain 186 (4.0  104 p.f.u. in 5 Al PBS) was
inoculated into the right nostril using a micropipette.
Control mice received 5 Al of PBS. Infected mice weregiven food and water ad libitum and were clinically
checked everyday. Under deep anesthesia (0.05 ml of 7.2%
chloral hydrate/g body weight), mice were transcardially
perfused with 3.7% formaldehyde in PBS on day 1 (n =
2), 3 (n = 2), 4 (n = 3), 5 (n = 4) and 6 (n = 5) after
infection with HSV-1 strain KH6. Mice infected with
HSV-2 strain 186 were sacrificed on days 3 (n = 3), 4 (n =
3) and 5 (n = 2). The nose was decalcified in 5% EDTA in
PBS for 5 days. The brain and nose were soaked in 20%
sucrose in PBS at 4 8C overnight and frozen at 80 8C.
Sections of 14-Am thickness were cut on a cryostat
(Leica).
Immunohistochemistry
High-sensitivity immunohistochemistry was performed
using the ENVISION+ system (DAKO), which takes
I. Mori et al. / Virology 334 (2005) 51–58 57advantage of goat anti-rabbit immunoglobulins conjugated
to peroxidase-labeled dextran polymer as secondary anti-
bodies (Mori et al., 2004a). Rabbit polyclonal anti-HSV-1
antibodies (Biomeda, working dilution of 1:400) and rabbit
polyclonal anti-HSV-2 antibodies (Biomeda, working dilu-
tion of 1:400) were used as primary antibodies. Binding
was visualized by adding the chromogenic indicator dye
DAB+ (DAKO). Antibody specificity was controlled by
using rabbit polyclonal anti-influenza A/WSN virus anti-
bodies (a gift from Dr. S. Nakajima, The Institute of Public
Health, Tokyo, Japan, working concentration of 1:1000)
and universal negative-control rabbit immunoglobulin
(DAKO).
In situ detection of apoptosis
DNA fragmentation was detected by the terminal
deoxynucleotidyl transferase-mediated dUTP nick end-
labeling (TUNEL) method, using an ApopTag Direct in
situ Apoptosis Detection Kit (Intergen). Specificity was
controlled by omitting the enzyme. Dual imaging for virus
antigens and TUNEL reaction was carried out as
described in a previous report (Mori et al., 2003a).
Signals were visualized under a laser-scanning confocal
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